Abstract The adsorption of methylene blue cationic dye by water hyacinth root was studied in a batch system. The experimental data isotherms were analyzed using the Langmuir and Freundlich equations. The monolayer adsorption capacity for methylene blue dye was found as 0.187 kg kg −1 . Three kinetic models (the pseudo-first order, the pseudo-second order, and the unified approach) were used to calculate the adsorption rate constants. The kinetic data along with equilibrium constants (maximum monolayer capacity and Langmuir constant) fitted well with unified approach model for different initial concentrations, and the rate constants were determined. Laboratory column experiments were conducted to evaluate the performance of water hyacinth root for methylene blue sorption under dynamic flow conditions. Breakthrough curves were plotted for the methylene blue adsorption on the adsorbent using continuous flow column operation by varying the bed height (0.06-0.12 m) and the feed concentrations (0.1-0.2 kg m
wastewater is directly discharge to the nearby rivers. Dyes in wastewater undergo chemical as well as biological changes, consume dissolved oxygen, and destroy aquatic life. Therefore, it is necessary to treat these effluents before discharging into the receiving water. The removal of synthetic dyes has become an important aspect of textile wastewater treatment. A number of authors have been studying on the toxicity of dyes and their impact on the environment. Although conventional activated sludge process is well practiced to treat dyecontaining wastewater, it is ineffective in removing nonbiodegradable dyes from wastewater. Physicochemical processes such as flocculation, electroflotation, chemical precipitation, electrokinetic coagulation, ion exchange, membrane filtration, electrochemical destruction, irradiation, and ozonation are also used to treat the wastewater. However, all these processes are costly and cannot be used by small industries to treat the wide range of dye wastewater (Indra et al. 2005) . Adsorption is one of the most efficient methods of removing pollutants from wastewater, especially if the adsorbent is inexpensive and readily available (Ilhan 2006) . Although activated carbon is the most effective adsorbent for the adsorption of dye, it is quite expensive and hence the demands of equally effective but cheaper adsorbents are increased very sharply.
In the present study, methylene blue is used as a dye to be removed from its aqueous solution. Methylene blue has wider applications, which include coloring paper, temporary hair colorant, dyeing cottons, wools, and coating for paper stock. Though methylene blue is not strongly hazardous, it can cause some harmful effects. Acute exposure to methylene blue will cause increased heart rate, vomiting, shock, Heinz body formation, cyanosis, jaundice, quadriplegia, and tissue necrosis in humans (Vadivelan and Kumar 2005) .
Recently, there have been several reports on the economic removal of methylene blue using adsorbents such as cedar sawdust (Hamdaoui 2006) , rice husk (Vadivelan and Kumar 2005; Han et al. 2007 ), hazelnut shell (Ferrero 2007) , peanut hull (Gong et al. 2005) , lemon peel (Kumar and Porkodi 2006) , perlite (Doĝan et al. 2004) , kaolinite (Ghosh and Bhattacharyya 2002) , neem leaf powder (Bhattacharyya and Sharma 2005) , fly ash , clay (Gürses et al. 2004) , etc. The literature search indicated that the adsorption behaviors of dyes on different adsorbents had been investigated by using especially batch mode. The sorption capacity parameter obtained from a batch experiment is useful in providing information about the effectiveness of dye-adsorbent system. However, the data obtained under batch conditions are generally not applicable to most treatment system (such as column operations) where contact time is not sufficient long for the equilibrium. Hence, there is a need to perform equilibrium studies using columns.
In our present study, processed water hyacinth roots have been used to evaluate their effectiveness in methylene blue adsorption by determining adsorption capacity parameters, kinetics and adsorption, and desorption rate constants. The main target of the present study is to find out the important design parameters such as depth of exchange zone, adsorption rate, and adsorption capacity of a fixed-bed column for methylene blue-water hyacinth adsorption system. The breakthrough curves for the adsorption of dye were also analyzed by using the Bohart-Adams model.
Materials and Methods

Materials
Water hyacinth root was collected from ponds and thoroughly washed for several times followed by boiling in water for 30 min. Afterwards, they were soaked in 0.1 M HCl for 20 min and again washed with distilled water. The roots were then dried in the oven, setting temperature in the range of 90-100°C for 480 min. The dried roots were ground, and the powder was used as an adsorbent. Particle size of the adsorbent samples used for the experiments was in the range of 0.15×10 −3 -0.25×10 −3 m.
Methylene blue was purchased from Merck, Germany. The chemical structure of the dye is shown in Fig. 1 . Stock solution of the dye was made using doubledistilled water. All working solutions were prepared by diluting the stock solution with distilled water. 
Analysis and Procedures
The concentrations of methylene blue were determined spectrophotometrically (UV-spectrophotometer, model: UV-1601, Shimadzu, Japan) by monitoring the absorbance at 662 nm, where maximum absorbance was observed. Batch sorption tests were done in a 26±2°C temperature on a flash shaker at 500 rpm in 250× 10 −6 m 3 conical flasks. In the adsorption isotherm tests, 0.2×10 . The initial pH was recorded as 6.9. All the experiments were carried out in this natural pH. The flasks had been shaken for 480 min, and after that, the solution was centrifuged for the separation of solid particles before spectrophotometric measurements of methylene blue. Adsorption kinetic tests were done for the initial dye concentration range of 0.1-0.2 kg m . The temperature of the experiments was 28±2°C, and the pH was 6.8± 0.2 for all studies.
Result and Discussion
Batch System
Adsorption Isotherms Studies
The analysis of isotherm data is useful for design purpose. In the present study, the equilibrium data were treated by Langmuir and Freundlich isotherms. The Langmuir isotherm can be represented by the following equation (McKay 1981) :
where, q e is the amount adsorbed, kg kg −1 adsorbent at equilibrium; q α is the maximum adsorption capacity, kg kg −1 adsorbent; C e is the equilibrium dye concentration, kg m −3 solution, and K is the adsorption equilibrium constant. The plot of 1/q e versus 1/C e is linear (correlation coefficient, R 2 00.95) as shown in Fig. 3 . Maximum adsorption capacity q α and equilibrium constant K are calculated from the slope and intercept of the plot and are found to be q ∞ 00.187 kg kg −1 and K0116.28 m 3 kg −1 .
The Freundlich isotherm was also applied for the adsorption of methylene blue by water hyacinth (McKay 1981) :
where, q e is the amount of dye adsorbed, kg kg −1 . C e is the equilibrium dye concentration of the solution. k f and n are the Freundlich constants. The constant k f can be defined as a sorption coefficient that represents the quantity of adsorbed species for a unit equilibrium concentration (i.e., C e 01). The 1/n is a measure of the sorption intensity or surface heterogeneity (Khezami and Capart 2005) . A plot of log q e versus log C e results in a straight line with a slope of 1/n and an intercept of log k f as shown in Fig. 4 . The values of k f and 1/n are found to be 1.325 [kg/kg(m 3 /kg)] and 0.6377, respectively. The value of 1/n<1 corresponds to a normal L-type Langmuir isotherm (Reed and Matsumoto 1993) .
Kinetics of Methylene Blue Adsorption
Effect of contact time and initial dye concentration on the removal was investigated using methylene blue con-
. The experimental courses of kinetics are presented in Fig. 5 , where the experimental data are designated by points. More than 85% of dye was removed at initial 10-15 min of adsorption, and thereafter the rate decreased gradually leading to equilibrium. This decreasing removal rate towards the end suggests formation of monolayer coverage of dye molecules on the outer surface of the adsorbent and pore diffusion onto the inner surface of the adsorbent particles through the film due to continuous agitation maintained during the experiments.
Kinetic parameters for dye adsorption onto water hyacinth were evaluated using pseudo-first order, pseudo-second order, and unified approach models.
The following Lagergren pseudo-first-order rate expression has been applied for the determination of specific rate constant of adsorption for methylene blue-water hyacinth system (Khare et al. 1987) :
where, q e and q are the amounts of dye adsorbed (kg kg −1 ) at equilibrium and at time t (min), respectively, and k ad is the rate constant of adsorption. It may be concluded from the data fitting in the rate expression that the reaction taking place is of the first order. Fig. 3 Langmuir isotherm (Eq. 1) plot for methylene blue adsorption onto water hyacinth (adsorbent dosage02 kg m −3 ; initial pH06.9; contact time0480 min; temperature028±2°C; shaking speed0500 Osc min −1 ) Fig. 4 Freundlich isotherm (Eq. 2) plot for methylene blue adsorption onto water hyacinth (adsorbent dosage02 kg m −3 ; initial pH06.9; contact time0480 min; temperature0(28±2)°C; shaking speed0500 Osc min −1 )
A linear plot (Fig. 6 ) of ln(q e −q) versus t confirms the applicability of the pseudo-first-order rate expression for the whole range of contact time. Adsorption rate constant k ad for different initial dye concentrations is calculated from the slopes of the lines and is presented in Table 1 . It is important to note that for a pseudo-first-order-model, the correlation coefficient (R 2 ) is higher than 0.93 for all dye concentrations, which is indicative of a good correlation. Moreover, the experimental values of q e are not in good agreement with the theoretical values calculated from the intercept in Fig. 6 . Furthermore, there is no specific trend of k ad with different initial concentrations, and therefore, the pseudo-first-order model is not suitable for modeling the adsorption of methylene blue onto water hyacinth.
The Ho and McKay developed pseudo-secondorder rate equation was applied to analyze the kinetic data (Ho and McKay 1998) . Assuming the adsorption capacity of dye on the adsorbent particles proportional to the active sites on the surface of the adsorbent, the Lagergren equation modified by Ho and McKay (Ho and McKay 1999 ) is given by Eq. 4.
where, q e and q t are the sorption capacity (kg kg −1 )
at equilibrium and at time t, respectively, and k is the rate constant of pseudo-second-order sorption (kg kg −1 min −1 ). For the boundary conditions t00
to t 0t and q t 00 to q t 0q t , the integrated form of Eq. 4 becomes:
which is the integrated rate law for a pseudo-secondorder reaction. Equation 5 can be rearranged to obtain
which has a linear form: An adequate pseudo-second-order kinetics model should show a linear plot (Fig. 7) of t/q t versus t. The values of q e and k for different initial concentrations are deduced from the slope and intercept of the plot and are presented in Table 1 . The application of a pseudo-second-order model which leads to much better regression coefficients (R 2 ) all greater than 0.99 confirms that the adsorption phenomenon follows the second-order kinetics. The experimental and calculated values of q e are almost similar. Although the kinetic data fit well with pseudo-second-order kinetic models, the rate constants are dependent on initial concentrations which make them difficult for the application in adsorption process modeling. Islam et al. developed a new kinetics model named Unified Approach Model to characterize the adsorbent-adsorbate system using both equilibrium and kinetic concepts (Islam et al. 2004 ). The model is valid for the systems where equilibrium data fitted well with Langmuir isotherm model. It is considered that the adsorption process could be described by a physicochemical interaction:
where, A, ac, and acA represent respectively the adsorbate, active sites on the adsorbents, and active complexes, and k 1 , k 2 , and K represent the rate constant for adsorption, desorption, and Langmuir, respectively. The model is given by the equation:
where, q is the amount of dye adsorbed (kg kg −1 ) at time t, C 0 is the initial concentration of dye (kg m −3 ), and w a is the adsorbent dosage (kg adsorbent m −3 ). At equilibrium, the following relations hold true:
where, C e is the bulk dye concentration at equilibrium. At equilibrium, Eq. 9 reduces to the Langmuir equation (Eq. 1). In solving Eq. 9, we obtain the relation of q versus t:
The calculated value of β directly gives the value of q e for a given initial concentration, and adsorbent dosage k 1 is determined from the slope of the Eq. 11, and k 2 is determined from the relation k 2 ¼ k 1 K . The k 1 and k 2 values are found to be independent of different initial concentrations and adsorbent dosages. Table 1 summarizes the kinetic parameters found from the Fig. 7 The pseudo-second-order sorption kinetics expression (Eq. 7) plots at different initial concentrations (pH 6.9 and adsorbent dose02 kg m ) for the methylene blue-water hyacinth system Fig. 5 , the dense line represents the theoretical q line, and the symbols are the experimental points. It is clear that the predicted adsorption data are in good agreement with those found experimentally. Thus, it can be seen that the unified approach model describes the equilibrium and kinetics well and is useful for modeling the methylene blue adsorption onto water hyacinth.
Column Study
Theory of the Breakthrough Curve
The time for breakthrough appearance and the shape of the breakthrough curve are very important characteristics for determining the operation and the dynamic response of an adsorption column. The breakthrough curves show the loading behavior of dye to be removed from the solution in a fixed-bed column and is usually expressed in terms of adsorbed dye concentration (C ad ), inlet dye concentration (C 0 ), outlet dye concentration (C), or normalized concentration defined as the ratio of effluent dye concentration to inlet dye concentration (C/C 0 ) as a function of time or volume of effluent for a given bed height. Effluent volume (V eff ) can be calculated as
where, t and Q are the total flow time (min) and the volumetric flow rate (m 3 min
−1
). The area above the breakthrough curve (A) obtained by integrating the outlet concentration (C, kg m −3 ) versus t (min) plot can be used to find the total adsorbed dye quantity (the column capacity). Total adsorbed dye quantity (q total ; kg/kg) in the column for a given feed concentration and flow rate is calculated as
where, w is the amount of adsorbent in the column (kg). A number of mathematical models have been developed which predict the mass transfer zone and concentration profiles in the bed. Among various design approaches, bed depth service time (BDST) approach based on Bohart-Adams (Bohart and Adams 1920) equation is widely used. The Bohart-Adams equation, which is based on surface reaction rate theory, can be represented as follows:
Equation 6 can be linearized in the following forms: ); and t is the service time of the column (min).
The form of the Bohart-Adams equation, shown as Eqs. 15-17, can be used to determine the service time, t, of a column of bed depth, X, given the values of N 0 , C 0 , and K c which must be determined for laboratory columns.
Behavior of Adsorption Column
The column experiments were conducted with 0.1 kg m −3 dye solutions at bed depths of 0.06, 0.09, and 0.12 m maintaining a constant flow rate of 8× 10 −6 m 3 min −1 . The S-shaped breakthrough curves as obtained were shown in Fig. 8 . The breakthrough times and the exhaust times correspond to C/C 0 0 0.05 and 0.95, respectively. The volume of dye effluent treated and the requirement of adsorbent up to breakpoint have been shown in Table 2 . As shown in Fig. 8 , the breakthrough curve is very steep, and most of the bed capacity is used at the break point. The result suggests the efficient use of the adsorbent in the column. It was observed that the time to achieve breakthrough was increased with the increase of bed depths. So, the required amount of adsorbent to treat unit volume of wastewater decreases as the bed depth increases. It was also observed from Table 2 that the treated volume considerably increases from about 1.49×10 −3 to 3.37×10 −3 m 3 as the bed depth increases from 0.06 to 0.12 m, but the total adsorption capacities of adsorbent into the column remain almost the same.
Evaluation of Adsorption Column Design Parameters
One of the important design parameters for an adsorption column is the depth of the mass transfer zone. In order to evaluate the mass transfer zone, the data of breakthrough curves are used to plot the BDST correlation by recording the operating time to reach a certain removal at each bed depth. The slope of the BDST line is equal to the reciprocal velocity of the adsorption zone, and the intercept on abscissa is the critical depth defined as the minimum bed depth required obtaining the desired effluent quality at time 0. If the adsorption zone is arbitrarily defined as the adsorbent layer through which the effluent concentration varies from 95% to 5% of the feed concentration, then this zone is defined as the horizontal distance between these two lines in the BDST plot that is shown in Fig. 9 . , respectively. Using Eq. 15 with the experimental values of rate constant (K c ) and adsorption capacity (N 0 ), the theoretical breakthrough curves are plotted in Fig. 8 and are shown as dense lines. It can be seen that the predicted breakthrough curve is comparable with the experimental data.
Effect of Volumetric Flow Rate
Columns were run with flow rates of 8×10 −6 and 14× . These results are also in agreement with some literatures (TatyCostodes et al. 2005; Zulfadhly et al. 2001; Aksu and Gönen 2004 ). Higher flow rates result in low residence times in the column, and failure of attaining local equilibrium results in lower capacity of dye adsorption from the influent solution (Inglezakis and Grigoropoulou 2004) . Increased channeling with flow rate is also responsible for the decrease of bed capacity.
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Effect of Initial Concentration
The breakthrough curves with initial feed concentrations of 0.1 to 0.2 kg m −3 at constant flow rate and bed height is shown in Fig. 11 , and these curves describe the breakthrough characteristics at these concentrations. . A rise in the inlet dye concentration reduces the volume of treated water. A high dye concentration may saturate the bed more quickly, thereby decreasing the breakthrough time, but the total adsorption capacities remain the same.
Conclusion
1. The present study shows that the water hyacinth can be used as an adsorbent for the removal of methylene blue from its aqueous solutions. 2. The Langmuir and Freundlich isotherm equations were used to express the adsorption phenomenon of methylene blue. The equilibrium data fitted very well in a Langmuir isotherm equation, confirming the monolayer sorption of methylene blue onto water hyacinth with a monolayer sorption capacity of 0.187 kg kg −1 .
3. The kinetics of methylene blue adsorption onto water hyacinth was examined using the pseudofirst-and pseudo-second-order kinetics and the unified approach models. The results indicated that the pseudo-second-order kinetic model described the methylene blue-water hyacinth adsorption system more accurately. From the unified approach model, we found that the adsorption rate constant was 0.819 m 3 kg −1 min −1
, and the desorption rate constants was 0.007 min , respectively. Theoretical breakthrough curve was drawn using Bohart-Adams model that was satisfied with experimental value. The increase in flow rate resulted in the decrease of the breakthrough time and also the adsorption capacity. The initial dye concentration also had the similar effect on breakthrough time, but the adsorption capacity remained the same with concentration.
